Introduction
Pancreatic adenocarcinoma is the fourth leading cause of cancer-related death in the United States [1] and has the lowest 5-year survival rate at 5% of any malignancy [1] . Gemcitabine, a nucleoside analog that inhibits DNA synthesis by blocking DNA polymerase and the M1 binding site of ribonucleotide reductase (RR), is standard of care for advanced pancreatic cancer [2] . Phase III trials of 5-FU, CPT-11, cisplatin, or oxaliplatin with gemcitabine did not improve overall survival (OS) compared to single-agent gemcitabine [3] [4] [5] [6] [7] . Although OS improved when combining gemcitabine with erlotinib (6.24 vs. 5.91 months) [8] , this gain was minimal and underscores the need for novel treatments for pancreatic cancer.
3-Aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP, Triapine®, Vion Pharmaceuticals, Inc., New Haven, CT) is a novel small molecule inhibitor of the M2 metal binding site of RR [9, 10] . RR contains a tyrosine free radical required for enzymatic reduction of ribonucleotides and 3-AP inactivates RR by neutralizing this free radical. Phase I trials with single-agent 3-AP showed solid tumor activity, including one of two patients with pancreatic cancer who experienced stable disease of three months duration and a 33% decrease in CA 19-9 [11] [12] [13] . Pharmacokinetics and tolerability data determined that a feasible regimen for phase II testing was 96 mg/m 2 /day as a 2-hour infusion for four days every two weeks. Toxicities seen in these trials included anemia, thrombocytopenia, leukopenia, hyperbilirubinemia, nausea, vomiting, asthenia, hypertension, dyspnea, elevated creatinine and low serum bicarbonate.
The multi-drug resistant (MDR) 1 gene product P-gp represents a mechanism for protection of mammalian cells against cytotoxic drugs [14, 15] . Rappa and colleagues [16] showed that when the human MDR1 gene is transfected into a L1210/VMDRC0.06 cell line, cells with the MDR1 gene are 2−3 fold more resistant to 3-AP, and accumulated less [14C]3-3-AP than the parent cell line without the MDR1 gene. This suggested that individuals with variants in the MDR1 gene may be more sensitive to treatment with 3-AP. Three major single nucleotide polymorphisms (SNPs) on the MDR1 gene include point mutations in exon 26 (C3435T), exon 12 (C1236T) and exon 21 (G2677T) [17] . A rarer variation of the G2677T SNP is characterized by a guanine-adenine point mutation (G2677A). Patients with SNPs at all three loci may experience a 40% reduction in P-gp function [18] . Therefore, we hypothesized that pancreas cancer patients with these MDR polymorphisms would more likely respond to 3-AP.
The activity of hydroxyurea, like that of 3-AP, is related to binding to the M2 submit of mammalian RR. Resistance to hydroxyurea in four strains of S. cerevisiae has been correlated with high levels of M2 mRNA and M2 protein [19] ; in addition, high M2 protein levels are found in tumor cell lines made resistant to hydroxyurea [20] [21] [22] . Therefore, we hypothesized that high levels of M2 mRNA and M2 protein in pancreatic tumors at baseline would confer resistance to 3-AP.
In vivo flow cytometry studies of hydroyxurea have demonstrated an accumulation of cells in early S phase due to a dose-dependent inhibition of hydroxyurea on DNA synthesis [23] . On the basis that hydroxyurea and 3-AP both inhibit RR M2, we hypothesized that 3-AP may also induce S-phase arrest.
Based on phase I activity of single-agent 3-AP in pancreatic cancer, the Phase 2 Consortium, an National Cancer Institute (NCI)-designated group of multiple cancer centers in the United States and Asia, including the Mayo Clinic, University of Wisconsin, and Johns Hopkins University, conducted a study to evaluate 3-AP in patients with chemotherapy-naive and gemcitabine-refractory (GR) advanced ductal adenocarcinoma of the exocrine pancreas. The primary endpoint was survival at six months (chemotherapynaive) and four months (GR). Secondary endpoints included evaluation of toxicity, response rate (RR), OS and time to progression (TTP). Secondary endpoints further included (1) correlation of MDR gene polymorphisms, baseline M2 mRNA levels, and baseline M2 protein expression with clinical outcome; and (2) evaluation of 3-AP for buccal mucosal cell S-phase arrest.
Patients and methods

Patient selection
Eligibility criteria included age ≥ 18 years, Eastern Cooperative Oncology Group (ECOG) performance status ≤ 2, a life expectancy ≥ 6 weeks, and measurable, biopsy-confirmed adenocarcinoma of the pancreas that was locally advanced, recurrent or metastatic. Enlargement of a previously irradiated lesion was required for it to be measurable. Eligible patients had, within seven days prior to registration, an absolute neutrophil count (ANC) ≥ 1500 mm 3 , platelet count ≥ 75,000/mm 3 , total bilirubin ≤ 1.5 times the institutional upper limit of normal (ULN), aspartate transaminase (AST) ≤ three times ULN and adequate renal function (a creatinine ≤ 1.5 times ULN or creatinine clearance > 60 mL/min/1.73 m 2 ). Lastly, eligible patients had the capability to understand the investigational nature of the study and provide written informed consent. The Institutional Review Boards of participating institutions approved the study protocol prior to its implementation.
Patients were excluded if they were pregnant or breast feeding, were of childbearing age and unwilling to use contraception, had brain metastasis, or had an uncontrolled medical condition or a psychiatric illness that would limit protocol compliance. Concurrent anti-neoplastic therapy, hypersensitivity or severe allergic reaction to 3-AP or a related compound, use of anti-retroviral therapy and glucose-6-phosphate dehydrogenase deficiency (due to the risk for hemolytic anemia with 3-AP) [24] were exclusion criteria.
Pretreatment evaluation and follow-up studies History, physical exam, ECOG performance status, and serum tests including CBC, total bilirubin, AST, alanine transaminase, creatinine, sodium, potassium, chloride, bicarbonate, albumin, calcium, alkaline phosphatase and CA 19-9 were obtained at baseline and at the beginning of each cycle. Prior to retreatment, toxicities had to resolve to ≤ grade 2. Dose level modifications for a non-hematologic grade 3 toxicity occurred as follows: no change if it resolved to ≤ grade 2 in ≤ 48 hours; reduction by one level if it resolved to ≤ grade 2 in > 48 but < 72 hours; and removal from treatment if it persisted ≥ 72 hours. The dose of 3-AP was reduced by one level for a grade 4 non-hematologic toxicity if it resolved to ≤ grade 2 in ≤ 48 hours. If it persisted ≥ 48 hours, the patient was removed from treatment. No change in dose level occurred for a grade 3 ANC or platelet count; however, the dose level was reduced by one for a grade 4 ANC or platelet count. Anemia was treated with growth factors and packed red blood cells transfusions rather than dose modification. Treatment was held for at least one week for any grade 4 toxicity, or grade 3 non-hematologic toxicity, not resolving to ≤ grade 2 within 24 hours.
Vital signs were monitored during, and for four hours after, infusion of 3-AP during the first cycle. Isolated hypoxia (pulse oximetry ≤ 92%) was managed with supplemental oxygen. However, the infusion was stopped when moderate or severe dyspnea occurred and the dose was reduced by one level. Patients developing a systolic blood pressure less than 85 mm Hg during infusion were removed from treatment. A transient 10-15% rise in methemoglobin levels was expected with 3-AP. Unless accompanied by hypoxia or symptoms, or failure of methemoglobinemia to decrease to less than 5% within 24 hours, treatment continued unmodified. Patients with methemoglobinemia > 15% for more than several hours were removed from treatment.
Disease assessment
Disease status was monitored using Response Evaluation Criteria in Solid Tumors [25] . Tumor assessment was performed at baseline and every cycle if measured by physical examination, or every other cycle if measured by imaging, utilizing identical methods. Patients with progressive disease (PD) were followed every six months until death.
Multi-drug resistance gene polymorphism analysis
Samples were obtained on day 1 of cycle 1 from all patients to test for the common MDR polymorphisms C1236T, G2677T/A and C3435T (Lafferty et al., submitted). Briefly, DNA was extracted from peripheral blood specimens by standard methods [26] . Gene fragments containing the SNP of interest were amplified by polymerase chain reaction (PCR) using Primer3 (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi) in 40 μl reactions with 20 μl PCR Master Mix (Promega, Madison, WI), 14 μl nucleasefree water, 10-100 ng genomic DNA and 10 pmol reverse and forward primer (IDT Technology, Coralville, IA). PCR conditions were as follows: denaturation at 95°C for 5 minutes, denaturation for 50 cycles for 30 seconds at 95°C, 30 seconds of annealing at 52°C, extension for 30 seconds at 72°C, then an extension for 5 minutes at 72°C. SNP detection was performed by pyrosequencing using primers designed with SNP Primer Design Software Version 1.01 (Uppsala, Sweden). Biotinylated PCR product (35 μl) were immobilized on streptavidin-coated Sepharose beads (GE Healthcare Bio-Sciences, Piscataway, NJ) with binding buffer (10 mmol/L Tris-HCl, 2 mol/L NaCl, 1 mmol/L EDTA, and 0.1% Tween 20, pH 7.6). After incubation in ambient conditions with 10 minutes of agitation, strands were separated and treated with 70% ethanol, 0.2 mol/L NaOH (denaturation solution), and washing buffer (10 mmol/L Tris-Acetate, pH 7.6). The beads were released into wells with a 40 μl mixture of annealing buffer (20 mmol/L Tris-Acetate, 2 mmol/L Magnesium Acetate Tetrahydrate, pH 7.6) and 21 pmol of sequencing primer (IDT). Incubation occurred for two minutes at 80°C. Genotyping was performed with a PSQ 96 SNP Reagent Kit and PSQ 96MA system (Biotage AB, Uppsala, Sweden). Genotypes were resolved on the basis of peak height measurements using PSQ96 SNP Software, version 1.2 AQ.
M2 mRNA expression analysis M2 mRNA expression analysis was performed on archived tumor tissue at baseline for all patients to correlate expression of M2 mRNA in their pancreatic adenocarcino-ma cells with response to 3-AP. Standard paraffin imbedding was utilized on tumor from either primary or metastatic sites. Laser capture microdissection (LCM) with the SL μCut Laser Microdissection System (Molecular Machines & Industries, Glattbrug, Switzerland) was utilized to ensure the isolation of only tumor cells. After LCM, RNA extraction was performed using the Paradise Whole Transcript RT Reagent System (Arcturus Bioscience, Sunnyvale, CA) designed to use with formalin fixed paraffin embedded (FFPE) tissue scrapes. Caps were placed in a microcentrifuge tube containing proteinase K and incubated at 37°C for 16-20 hours. After centrifugation, the caps were removed and the RNA was isolated and treated with DNase following the manufacturer's instructions. The total RNA was resuspended and then treated with DNase. The RNA was quantified via NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE). Total RNA extracted from FFPE tumor tissue was reverse transcribed using random primers following the manufacturer's instructions. M2 RNA was quantified by the TaqMan assay with primers designed by using Integrated DNA Technologies (Coralville, IA) maintaining an amplicon length < 100 bp. Quantitative real-time PCR (RT-PCR) was performed using the Bio-Rad iCycler IQ system (Hercules, CA). Due to limited sample supply we amplified the target gene and housekeeping gene in a single well. Each well contained 5 pmol/μL of the probes, 5 pmol/μL of the primers and 12.5 μL of iQ Multiplex Powermix (Bio-Rad) in a 25 μL final reaction mixture. The Multiplex Powermix was heat activated for 3 min at 95°C. Each of the 50 PCR cycles consisted of 15 seconds of denaturation at 95°C and hybridization of primers and probes for 45 seconds at 60°C. The normalized level of M2 expression was calculated using YWHAZ as the endogenous reference. Each sample was analyzed in triplicate.
M2 protein analysis by automated quantitative analysis
Immunohistochemistry (IHC) is the standard method for assessing protein expression in archived human tissue; however, IHC lacks standardization and is inherently subjective. Therefore, we used the Automated Quantitative Analysis (AQUA®) system (HisotRx, New Haven, CT), or "quantitative IHC," which utilizes automated fluorescent image acquisition and data processing to allow for quantitation of data and standardization of analysis [27] [28] [29] . Briefly, target compartments were localized using a fluorescently tagged (Alexa Fluor 555, Invitrogen, Carlsbad, CA) rabbit anti-cytokeratin antibody or anti-S100 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). 4,6-Diamidino-2-phenylindole was added to visualize nuclei. Target biomarker (anti-ribonucleotide reductase, M2) was visualized with a fluorescent chromogen (Alexa Fluor 488-tyramide; Invitrogen, Carlsbad, CA). The target biomarker was tagged and measured within the subcellular compartments by the PLACE algorithm. A Z-score, defined as [(AQUA® score)-(mean score of all AQUA® scores in other studies)]/standard deviation, was used to compare results from different experiments.
S-phase arrest in buccal mucosal cells
We examined the effects of 3-AP on cell cycle only in patients treated at the University of Wisconsin (UW) using buccal mucosa cells collected pre-infusion, at 2.0 and 4.5 hours after the administration of 3-AP on day 1 of cycle 1. Buccal mucosal cells are ideal for phase analysis because they have a higher turnover rate and a higher number of cells in S-phase than cells obtained from blood. Buccal scrapings were collected and fixed in 95% ice-cold ethanol and stored at −80°C until staining. Samples were centrifuged for 10 minutes at 4°C and the alcohol was removed. Ten ml of cold PBS were added to the pellet, the cells were re-suspended before centrifugation and the supernatant was discarded. Then, 500 ml of a staining solution (33 mcg/ml propidium iodide (Sigma), 1 mg/ml RNAse A (Sigma), and 0.1% Triton X) were added to cell pellets. Samples were incubated 30 minutes at 37°C and placed at 4°C for at least 2 hours before flow cytometric analysis. Samples were filtered with a 40 mm mesh cell filter prior to analysis. Data were acquired with CellQuest software (Becton Dickinson, San Jose, CA) on a FACS Calibur benchtop flow cytometer (also Becton Dickinson). Sphase percentage was determined with ModFit2.0 DNA analysis software (Verity Software House, Topsham, MA).
Statistical considerations
The primary endpoint of this trial was to evaluate the efficacy of 3-AP in two groups of patients with advanced adenocarcinoma of the pancreas. The first group consisted of chemotherapy-naive patients receiving 3-AP and the second group contained patients refractory to gemcitabine receiving 3-AP. Gemcitabine received more than six months prior to recurrence in the adjuvant setting was not considered prior therapy. This study was designed to employ two, singlestage designs to be conducted and analyzed independently, with planned interim analysis. Given that the median OS is estimated as 5.7 months in patients receiving first-line gemcitabine [2] , and as 4 months in patients receiving 2nd line gemcitabine [30] , it was considered clinically significant if we increased the rates alive to 65% in each of the two groups of patients. Therefore, the primary endpoint of this trial was to evaluate the six-and four-month survival rates for 3-AP as first line and second line treatment, in 48 and 106 evaluable patients, respectively.
All eligible patients who signed a consent form and initiated treatment were considered evaluable for the primary endpoint. Survival was defined as the time from registration to death due to any cause. Given that we were seeking to improve survival rates in both groups from 50% to 65%, the same Three-Outcome design [31] was applied to each group. A total of 50 patients were to be enrolled to each group. The treatment was considered (1) "promising" in a group if at least 30 patients survived until the time point of interest, (2) "inconclusive" and needing further Phase II testing if 29 patients survived until the time point of interest, or (3) "ineffective" if at most 22 patients survived until the time point of interest. An interim analysis was planned at the time the 28th patient was evaluable for a given group and 14 patients alive at the time point of interest was considered sufficient evidence to warrant expanding enrollment to the full 50 patients in that patient group. This study design has an 80% chance of concluding that the regimen is promising in a patient group and a 5% chance of finding the study as inconclusive in a specific patient group.
Secondary endpoints were to evaluate the toxicity and tolerability of 3-AP, evaluate TTP, OS, tumor response and correlative laboratory studies that would enhance understanding of 3-AP and its effects on cellular processes. TTP was defined as the time from registration to PD (last contact or death). Patients lost to follow-up were censored for progression and survival at their date of last disease assessment and contact, respectively. Patients that died without documentation of their disease status at death were considered to have had PD on the date of death. Standard statistical techniques were to be used, including summary statistics, frequency tables, categorical data analysis, t-tests and non-parametric Wilcoxon rank-sum tests, Kaplan-Meier [32] methodology and Cox [33] proportional hazards models. All analyses were performed using SAS Version 9.0 (www.sas.com).
Results
Enrollment was suspended after 15 evaluable patients were treated and prior to planned interim analysis due to the inactivity of 3-AP and rate of grade ≥ 3 toxicities. 1st line (Chemotherapy-naïve) 3-AP One chemotherapy-naive patient was enrolled. This 88-year-old male completed days 1-4 of cycle 1 treatment; however, he presented with fatigue, nausea, vomiting, anorexia and an ECOG performance status of 3 on day 15 of cycle 1. He required paracentesis and admission with a serum sodium of 116 mmol/L and a serum potassium of 7.1 mmol/L. This precluded further study treatment and he was considered to have PD. After discharge, he was soon readmitted with abdominal pain, ascites, hyponatremia, hyperkalemia, hypothyroidism, leukocytosis, acute renal failure and hyperlipidemia and died five days later from progressive respiratory insufficiency. Table 1 .
3-AP administration and toxicity
Fourteen GR patients received a total of 28 cycles of 3-AP. Six patients received at most one cycle, seven patients received at most two cycles, and one patient received eight cycles of 3-AP. Patients received a median of 92% (range, 12% to 101%) and 72% (range, 13% to 101%) of the planned dose of 3-AP during cycles 1 and 2, respectively. The one patient to receive more than two cycles of treatment received greater than 80% of the planned dose during cycles 3 through 6. Six patients had at most one dose reduction within and across cycles and one patient had two dose reductions within and across cycles. Dose reductions were required for nonhematologic adverse events (three patients), methemoglobinemia (two patients), hypotension (one patient), grade ≥ 3 adverse event (one patient) and hypoxia (one patient). Two patients (14%) required a dose reduction for the day 15 dose of cycle 1 and 21% (three patients) did not receive the day 15 dose during cycle 1. One patient required a dose reduction for the day 15 dose of cycle 2 and one did not receive the day 15 dose during cycle 2. Two treatment delays were seen during cycles 2 and 7. The reasons for these delays were a hematologic adverse event (one patient) and scheduling conflicts (one patient). No patients experienced methemoglobinemia requiring close observation. All patients have completed treatment and due to the following reasons: progressive disease (11 patients), adverse event (two patients) and death (one patient). Fourteen GR patients were evaluable for toxicities and those considered at least possibly related to 3-AP appear in Table 2 . Five patients had grade 4 toxicities, including neutropenia (four patients), leukopenia (one patient), thrombocytopenia (one patient) and hypophosphatemia (one patient). One patient died within two weeks of initiating study treatment. This patient completed the initial four days of cycle 1 and was admitted to the hospital after experiencing grade 2 nausea and grade 3 vomiting, transferred to the intensive care unit and intubated for grade 4 dyspnea. The patient experienced worsening ascites and an ileus not amenable to surgery and considered related to 3-AP. The ventilator was stopped and the patient died on day 19.
Patient outcome
Fourteen GR patients were considered evaluable for tumor response to 3-AP. There were no responses and two patients demonstrated SD. PD precluded further treatment in 11 patients. One patient died while on study and two were removed due to toxicity. With a median follow up of 3.5 months (range, 1.9-3.8 months), one patient is alive and 13 have died. The estimated 4-month median survival rate in GR patients was 21% (95% CI: 8-58%). The distributions of TTP and OS are contained in Figs. 1 and 2 , respectively, with details summarized in Table 3 . Correlations for toxicity were based on genotype; however, the allele frequencies were taken into account in the analysis. The frequency of the T allele in C1236T and G2677T was associated with leukopenia (p<0.0001, chi-square test).
M2 mRNA expression analysis
RR M2 mRNA was evaluated in archived tumor samples by RT-PCR. There were six biopsies from pancreatic cancer patients in this study (two from primary sites and four from metastatic sites) available for mRNA analysis and 21 biopsies from non-pancreatic tumors from contemporaneous 3-AP studies at UW. The latter included one primary bladder cancer, one primary cervical cancer, one primary and three metastatic cholangiocarcinomas, two primary colon cancers, three primary esophageal cancers, one primary gastric cancer, three primary melanomas, one primary mesothelio- (Fig. 3) . This may suggest that relative to other tumors tested, our patients' pancreatic tumors express little RR M2 mRNA, which is potential reason for the observed inactivity of 3-AP in the current study.
M2 protein analysis by automated quantitative analysis
Archived tumor biopsies were evaluated for protein expression and localization of RR M2 by quantitative IHC (i.e., AQUA®). There were 13 samples from subjects with pancreatic cancer in the current study (four from primary sites and nine from metastatic sites) and 24 samples from patients in contemporaneous studies of 3-AP with tumors other than pancreatic cancer at UW. These included one primary bladder, two metastatic breast cancers, one primary cervical cancer, one primary and three metastatic cholangiocarcinomas, two primary colon cancers, three primary esophageal cancers, one primary gastric cancer, one lymphoma from a metastatic site, three primary melanomas, one primary mesothelioma, one primary NSCLC, two primary prostate cancers, one primary sarcoma and one primary SCLC. Two individuals with unknown primaries in other 3-AP studies were excluded from this analysis as they could not be categorized as not having pancreatic cancer with certainty. We found that the RR M2 expression was significantly higher in non-pancreatic tumors (median Z score 0.25, range −0.84 to 3.8) relative to pancreatic tumors (median Z score −0.41, range −1.49 to 1.5, p=0.03, Wilcoxon rank-sum test, two-sided). Similar to our experiments with RR M2 mRNA, these experiments demonstrated that relative to other solid tumors tested, our pancreatic cancer patients' tumors express little RR M2 protein, which may be a reason for the inactivity of 3-AP observed in the latter (Fig. 4) .
Flow cytometric analysis of cell cycle arrest in buccal mucosal cells Table 4 shows that the mean percentage of buccal mucosal cells in S-phase prior to administration of 3-AP was 0.02± 0.06 standard deviations (SD). Two hours after administration it was 1.9±4.4SD and was 2.4±2.3SD 4.0 hours after administration. This suggests that there is a significant increase in the pre-S phase percentage compared to the 4.0 hour S-phase percentage (p=0.04, paired, two tail t-test).
Discussion
No responses were seen with this regimen of 3-AP in predominantly GR advanced pancreatic cancer patients. Enrollment was suspended after 15 evaluable patients due to the inactivity of 3-AP and the rate of grade 3 and 4 toxicities, primarily hematologic, seen in our patients. We did not meet our primary endpoint in that only 21% of GR patients survived at least four months. Median OS (3.5 months) was low and similar historically to that of pancreatic cancer patients refractory to first-line chemotherapy [30] . To our knowledge this is the first published phase II evaluation of single-agent 3-AP in advanced pancreatic cancer patients. Mackensie and colleagues [34] recently reported a phase II study of 3-AP (105 mg/m 2 as a 2-hour infusion days 1, 8 and 15 of a 28-day cycle) with gemcitabine in chemotherapy-naïve advanced pancreatic cancer patients. In these patients there was significant grade ≥ 3 hematologic toxicities and fatigue and no responses. While the Mackensie study did not meet its primary endpoints of RR and SD, median OS was 9 months, longer than in our study consistent with their use of gemcitabine and chemotherapy-naïve patients. Another phase II study [35] published only in abstract form also utilized a higher, less frequent dosing of 3-AP with chemotherapy-naïve patients and demonstrated a median OS of 8 months. While these trials were negative based on their primary endpoints, their survival data question whether the benefit of 3-AP for pancreatic cancer lies in its use as a first-line agent given less frequently or for a longer duration in combination with a second agent.
We performed correlative studies to explore mechanisms of action of 3-AP and relate them to clinical outcomes. First, we evaluated all patients for MDR polymorphisms. Because there were no responses, we searched for a correlation between MDR polymorphisms and toxicity. We found that the frequency of the T, or variant allele in C1236T and G2677T, was inversely associated with leukopenia (p< 0.0001). The decreased hematological toxicity in variant individuals, compared to wild-type individuals, may potentially be explained by a prolonged plasma half-life and increased drug exposure in those with wild-type MDR. This hypothesis needs to be confirmed with pharmacokinetic data and may be useful in future evaluations (of a more appropriate regimen) of 3-AP by identifying patients for whom 3-AP may be tolerable.
Second, we sought to correlate the level of expression of M2 mRNA and M2 protein with response. RR M2 expression was evaluated by AQUA® and compared to that in patients with non-pancreatic tumors on contemporaneous 3-AP studies at UW. RR M2 expression was low at baseline in our patients' pancreatic tumors relative to other solid tumors (p=0.03). This finding is hypothesis generating and suggests that one reason for 3-AP failures in the current study may be that there was an insufficient amount of target (RR M2). Additionally, it implies that this target may not play a critical role in the malignant potential of pancreatic cancer. However, poor tolerability of the study drug confounds this interpretation.
Third, as hypothesized, we demonstrated that 3-AP causes S-phase arrest in buccal mucosal cells. However, we did not test for this effect in our patients' corresponding tumor cells, where it may not have occurred. Alternatively, 3-AP may have caused S-phase arrest in these patients' pancreatic tumors, but doing so may not matter therapeutically in this setting.
Given the poor clinical activity and intolerability of this dosing schedule of 3-AP in our patients and in others with solid tumors [36] [37] [38] we do not feel that further clinical development of this regimen of 3-AP in pancreatic cancer is warranted. 3-AP, however, may be useful as an anticancer agent in combination with other treatment modalities, such as radiation [39] , or in the treatment of advanced hematologic malignancies [40, 41] .
